A one dimensional experiment in granular dynamics is carried out to test the thermodynamic theory of weakly excited granular systems [Hayakawa and Hong, Phys. Rev. Lett. 78, 2764(1997)] where granular particles are treated as spinless Fermions. The density profile is measured and then fit to the Fermi distribution function, from which the global temperature of the system, T , is determined. Then the center of mass, < z(T ) >, and its fluctuations, < (∆z(T )) 2 >, are measured and plotted as functions of T .
I. The Experimental Setup
This paper is a sequel to the preceeding paper [1] , where the thermodynamic theory of Hayakawa and Hong[HH] [2] was tested with extensive Molecular Dynamics simulations.
The purpose of this paper is to test the theory of HH experimentally for a one dimensional vibrating granular system. A one dimensional system is perculiar in the sense that randomness associated with collisions is suppressed in contrast with what happens in higher dimensions. Nevertheless, the Fermi statistics arising from hard core repulsion still apply to this simple one dimensional system. As in the preceeding paper, we determine the configurational statistics of a one dimensional vibrating granular system by properly taking the ensemble average of the steady state. Then we measure the following quantities and compare them to those predicted by HH. First, we measure the density profile and determine the dimensionless Fermi temperature T = T f /mgD(T f is the Fermi temperature) by fitting the profile to the Fermi function. Second, we compare the measured Fermi temperature T to those predicted by the theory (Eq.(6a) of the preceeding paper.) Third, we measure the center of mass and the fluctuations of the vibrating bed and test the scaling predictions (Eqs. (5c) and (7) of the preceeding paper.) Since the detailed theoretical aspect can be found in the preceeding paper, we only discuss here the experimental aspect and the analysis of the experimental data as well as its comparison with the theoretical predictions.
We now explain the experimental setup in some detail. The one dimensional column of particles used in this experiment was 30 plastic beads. The beads, having holes through their centers, were strung through a thin piece of copper wire. The wire was stretched extremely tight between two horizontal rods clamped to a ring stand. Each of the beads could freely move up and down the copper wire. The beads were all close to the same size, with an average diameter of D=5.74 mm. Differences in the diameter of the beads were not noticeable to the naked eye. The bottom of the copper wire ran through a small metal bar connected horizontally to a mechanical vibrator, very similar to an audio speaker. One of the plastic beads was glued to the metal bar, acting as the bottom wall when the vibration was turned on. A schematic diagram of the set up is shown in Fig.1 The mechanical vibrator was then connected to a function generator, which allowed one to control the type, amplitude, and frequency of the mechanical vibration. For this experiment, the only type of vibration used was a cosine wave, A cos(ωt), where A is the amplitude and ω = 2πf is the angular frequency. The frequency of the vibration and the voltage which set the amplitude were both controlled with the function generator. The relationship between the voltage and the vibration amplitude may be nonlinear and complex. Hence, instead of deriving the mathematical formula, for a given applied voltage, we measured directly the corresponding amplitude of the vibration by putting one bead on the vibrating plate and measured its maximum height. We find that the voltage with a range of 0.00 V to 9.50 V corresponds to an amplitude of 0.000 cm to 0.584 cm. In this experment, the frequency f was kept at f =40Hz while the voltage was varied by 2 volts from 1.00 V to 9.00 V. The corresponding amplitudes, A, and the vibration strength (Γ = Aω 2 /g) with g the gravitational acceleration are listed in Table I . This set of control parameters satisfies the criterion of the weakly excited granular system used to test the theory of HH(Eq.(3) of the preceeding paper), namely:
with µ o being the initial number of layers. To analyze the system, pictures were taken with a digital camera while the beads were subjected to vibration. The camera was placed on a stand in front of the beads, and a large convex lens was placed in between to focus the image properly. This is schematically illustrated in Fig.2 . A set of 32 pictures was taken for each value of Γ used in this experiment, including a picture of the beads at rest in the begining and the end of each run. Then, the images were scanned into the computer so that the center of each bead in every picture could be obtained. Once the individual bead coordinates were known, they were fed into various FORTRAN programs and used to calculate the density profile, the center of mass, and the fluctuations of the center of mass for each voltage setting.
To find the density profile, equally sized boxes with a height equal to the diameter of a bead were constructed from the grain at the bottom, so that each box contained, one bead in the ground state. Note that the reference point in the density measurement is not the vibrating plate but the particle at the bottom, which is fluidized. Before proceeding, we want to clarify two points regarding the density measurement: First, on the density plot presented in this paper, the density could exceed one for certain data points. This is because box sizes were assumed to all have a length and width equal to the average bead radius. In reality, however, this was not true, leading to a density value that can be greater than 1.
Second, since the bottom layer is the reference point, one may expect that the density of the first data point should remain the same, but one may notice that the values of the density of the bottom data changes slightly. This is due to the erosion of the balls that occurred due to the repeated motion on the copper wire. This erosion of the center hole caused the configuration of the bottom few balls to be more dense as more trials were completed.
For this experiment, 50 boxes were chosen because the motion of the column of beads never reached that height, even for the largest voltage. Therefore, every bead was included in the calculations of all the density profiles. Since this is a one dimensional experiment, each bead was considered to be a circle instead of a sphere. Hence, the maximum possible area of a bead in a box, a o , is πr 2 where r =< D > /2 = i D i /2N is the average radius of a bead with D i the diameter of each bead and N the total number of beads, i.e, N=30. In the ground state, when the system is at rest, each box up to the Fermi surface contains one bead with an area of a o . However, when the beads are subjected to vibration, the system expands, and the time averaged position of each grain rises. The area of the grains in each box is computed from the pictures, which is denoted as a. Then, the density of each box, having a value between zero and one, was computed using
This process was done for all 50 boxes and in all 32 pictures for each voltage used. An average density for each box was then found by summing up the 32 densities per box and dividing by 32. The density profile for a particular voltage was obtained by plotting the average density of each box against the box number. The center of the first box is chosen as the origin. The profile is then fit with the Fermi function as discussed in the previous section and a global temperature, T , is obtained. The fitting of the density profile was done with a non-linear least squares program as well as the eye.
FORTRAN programs were used to obtain the center of mass and its fluctuations. The center of mass is computed with the following formula:
where z i is the vertical position in centimeters of the ith bead and m i is the mass in grams of the ith bead. These summations were carried out over all 30 beads. This formula was used to get the center of mass for each picture, and then the average was taken over all 32
pictures to get the average center of mass, < z >. The average fluctuations of the center of mass are computed using the following standard formula for the deviations:
where z(j) is the center of mass of an individual picture, and < z > is the average center of mass found previously for a particular setting of the voltage. In this case, the summation is carried out over 32, the number of pictures taken per run. Both the center of mass and the fluctuations were computed for each voltage setting.
II. Data and Results
Density Profile: This experiment was carried out for 30 particles using a cosine wave vibration for voltages of 1.00 V, 3.00 V, 5.00 V, 7.00 V, and 9.00 V at a constant frequency of f = 40 Hz. The change in V is synonamous with a change in the vibration strength, Γ. Density profiles, ρ, as a function of vertical position z, for the different voltages were fit to the Fermi profile and can be seen in Fig.3a -e. Note that for an electron gas, the Fermi profile is given by:
where ǫ i is the i-th energy level of the electrons, andμ ≡ mgµ(T )D is the Fermi energy and T f is the Fermi temperature. As discussed in [1] , for granular systems, µ(T ) is independent of the temperature because the density of the state is constant. We denote this constant as 
All the density profiles plotted together can be seen in Fig.4 . Note that the Fermi statistics are valid when the the parameter R defined by (Eq.(3)) in the preceeding paper [1] is greater than 1, namely: R = µD/ΓA. In our experiment, R changes from 131.07(voltage = 1.00 V) to .9327(voltage = 9.00 V)(See Table II ).
Fermi temperature fitting: When fitting the experimental data with the Fermi function, the following two adjustable parameters are used: the Fermi energy, µ, and the temperature, T . The parameter µ shifts the location of the Femi energy horizontally, and the temperature, T , controls the curvature around the Fermi energy. As discussed above, the Fermi energy is expected to remain constant regardless of the temperature T (If the density of states is constant, i.e, µ(T ) = µ o ). However, the experimental fitting shows that there is some slight variation in µ. In this experiment, µ varies from 29.6 to 32.0, a relative increase of about ∆µ/µ = 0.08. The scaling behavior of the center of mass and its fluctuations don't seem to be affected by the change in µ. However, there is a large affect in the amplitude as we have experienced in the Molecular Dynamics simulations [1] . The fitting values for µ and T are listed in Table II along with the ratio R. When the temperature, T , obtained by the Fermi fitting is compared to the to the theoretical prediction, T o ,(Eq.6a) of the preceeding paper, they seem to match fairly well. For the sake of completeness, we present this formula again:
A best fit value was α = 1.5. Translating this into a physical picture, we notice that the relationship between the actual amount of expansion in the center of mass in the one dimensional vibrating bed, ∆h, and the jump height,h = gH o /ω 2 , of a single ball fired gently(meaning the relative velocity and relative acceleration between the ball and the plate are both zero) to the free surface by the vibrating plate is given by the relation: ∆h =h/α.
Note that the last point in Table II is off, for which R ≈ 0.93 < 1. This is expected since the Fermi analysis is no longer valid at such a high voltage. Table III shows the values of both the predicted temperature, T o , and the fitting temperature T . They agree fairly well except for the last one.
The center of mass: The relative increase in the center of mass of the one dimensional column is denoted as < ∆z(T ) >, which is the difference in the actual position of the center of mass, z(T ), and that of the ground state, i.e., ∆z(T ) = z(T )−z(T = 0) is given by(Eq. (5) of ref. [1] ):
where µ is the dimensionless Fermi energy(the initial number of layers.) Note the appearance of the factor D in (4). It is because, in ref. [1] , the temperature T has the dimension of length, while here it is dimenionless. The center of mass is plotted in Fig.5 as a function of T 2 in a graph of five different values of Γ. By using the solid line as a guide for the eye, one can see that the graph seems to confirm the scaling predictions of the Fermi statistics, ∆z ∝ T 2 . Notice that the last point deviates dratically from the best fit line. Once again, this is because the conditions of the system violate the inequality (1) and make the Fermi analysis invalid. Hence, this point was not included in obtaining the best fit line. There is a discrepency in the proportionality constant C. Theory predicts that one should get
The experimental results yield, C ≈ .45, a difference of about a factor 14 or more when compared to the theory. It has been shown in a preceeding paper [1] that this discrepancy is due to the extreme sensitivity of the center of mass, to the Fermi energy, µ. When the density of states is independent of the energy, the Fermi energy must remain constant. However, in this one dimensional experiment, it changes for each value of Γ. This small change does not seem to change the Fermi fitting in Fig.3a -e, but it does effect the amplitude of the scaling relationships.
Fluctuations of the center of mass: The fluctuation of the center of mass,
is given by(Eq.(7) of ref.
[1]):
The fluctuations of the center of mass were also measured and plotted as a function of T 3 in Fig.4 . Using the guide line, the graph once again seems to confirm the validity of the Fermi statistics which imply that < (∆z) 2 >∝ T 3 . The proportionality constant is way off from the theoretical value, D 2 π 2 /3µ 2 ≈ 10 −3 . From the graph, the slope is approximately 0.15. The last point was again eliminated when obtaining the best fit line, just as it was for the center of mass for the reason explained above. Considering that the amplitude of the center of mass is off by a factor of 14, one should expect that the fluctuations would be off by a factor of at least 14 2 . This is, again, due to the sensitivity of the Fermi integral to µ, where small changes in µ are greatly magnified in the fluctuations, resulting in the factor of order 10 2 difference. We have found a similar trend in the MD simulations [1] . Another 
III. Conclusion
We now summarize the main results of this experiment as follows. First, the configurational statistics of grains in a one dimensional system subject to vibration seem to obey the Fermi statistics of spinless particles for weakly excited systems as was predicted in the paper by HH [2] . Second, the temperature determined by fitting the Fermi profile is fairly close to the theoretical prediction. Third, the scaling relations of the center of mass and Density Profiles for 1.00, 3.00, 5.00, 7.00, and 9.00 Volts 
